Pollen from a paternal rice cultivar was pre-irradiated with gamma rays before using them to pollinate the emasculated fiorets of a maternal cuttivar. A second-order polynomial regression relation was established between radiation dosage and seed set. LD50 for seed set was 10 krad. In the first generation derived from such irradiated pollination, the Ml progeny were either identical to the Fl plants in both polygenic and major gene traits, or were hemizygous plants showing recessive maternal major gene markers. Many hemizygous Ml plants were mutated and sterile. Irradiated pollination did not induce parthenogenic maternal plants in rice. None of the Ml progeny was maternal and at the same time, having also some paternal characteristics. The net effect of pollination with irradiated pollen in rice is the inheritance and expression of damaged paternal alleles by the Ml progeny, rather than the limited transfer of genetic fragments from the irradiated pollen genome to the Ml generation, as originally proposed by Pandey (1975) .
INTRODUCTION
Artificial cross-pollination using pollen pretreated with ionizing radiation had been carried out for interspecific crosses (Stettler, 1968) , for mutation breeding (Devreux et a!., 1972) , for haploid plant production (Lacadena, 1974) , and for the induction of parthenogenesis (Cao et a!., 1979) . Pollen mixtures containing non-irradiated self-incompatible pollen and irradiated self-compatible pollen have also been used to overcome self-incompatibility. In one such experiment on Nicotiana species, Pandey (1975) obtained rare, normal diploids in the Ml generation derived from pollination with very heavily irradiated pollen (100 krad). Fourteen of the 24 such progeny were reported to be maternal in general and floral morphology, but otherwise contained the flower colour and/or the self-incompatible (S) allele from the pollen parent. The author suggested that the irradiated pollen had mediated the transfer of limited genetic materials-instead of the complete genome-from the pollen parent to these rare progeny which were considered to be matromorphs arising from diploid parthenogenesis. Thus, in a * Present address: CSIRO, Division of Plant Industry, GPO Box 1600, Canberra, ACT 2601, Australia. maternal background, a few paternal characteristics from the pollen parent were apparently incorporated and expressed in the Mi plants and the eggs were said to be "transformed".
The biological basis to these assumptions seems to lie with the fact that pollen germination and pollen tube growth are highly tolerant to irradiation (Vassileva-Dryanoska, 1966; Gillissen, 1978) , and that despite extensive nuclear aberrations caused by radiation, fusion of the fragmented paternal genetic materials with the egg nuclei was still possible (Brewbaker and Emery, 1962) . Thus, the envisaged use of irradiated pollen for limited gene transfer resembles a self-contained "DNA injection" system in which the irradiated pollen is both a source of donor DNA fragments as well as a vector for delivering the genetic fragments to the embryo sac. This technique, proposed as a natural and rapid means of transferring a few or single genes in plants without recurrent backcrossing (and without resorting to the use of recombinant-DNA technology) soon generated much research interest. In the decade following Pandey's proposal in 1975, no less than eighteen groups have attempted "egg transformation" by irradiated pollen in many different plants: wheat (Snape et a!., 1983) , barley (Powell et a!., 1983 1983), pea (Davies, 1984) , Capsicum (Daskalov, 1984) , pea, rapeseed, tomato, crabapple, maize and Nicotiana (Chyi et a!., 1984 (Chyi et a!., , 1985 1984a, b) Indian mustard (Banga et aL, 1983) , Nicotiana (Jinks eta!., 1981; Cornish, 1984, 1985; Cornish and Werner, 1985; Engvild, 1981 Engvild, , 1985 Reed et a!., 1988) and Petunia (Gerats et a!., 1984; Raquin, 1985) . The present investigation is the first systematic study of the genetic consequenses of pollination with irradiated pollen in rice. Three generations were examined. Results from the first irradiated generation (Ml) are reported here in the first of two papers.
MATERIALS AND METHODS

Genotypes and phenotypes of parental cultivars
Two diploid rice cultivars, Basmati and Bellemont, were used as parents. Basmati, the male parent, is an indica cultivar with tall cuim and many tillers. The cultivar was experimentally determined in this investigation to be homozygous dominant for coarse-leafed (GlGl), for positive staining of seed with phenol (PhPh) and for having long-awned seed (AnlAnlAn2An2). (These allelic notations and the following ones are according to Kinoshita, 1984) . Basmati was also determined to have the genotype (EstEst) for a single pink esterase band (EC 3.1.1.2, see method) and the genotype (AcPAcP5 for a fast band of acid phosphatase (EC 3.1.3.2, see method). Bellmont, the female parent, is an American cultivar derived from indica x japonica hybridization. It has shorter cuim and fewer tillers The cultivar was also determined to be homozygous recessive for smooth-leafed (glgl), negative phenol staining of seed (phph), for having awniess seed (anlanlan2an2), for the absence of pink esterase band (EstEst), and for having a slow acid phosphatase band (AcPSAcPS).
One other genetic marker used in the studies was anthocyanin pigmentation of seed. This trait is controlled by the CAP gene complex where gene C produces chromogen, gene A converts it to anthocyanin and gene P distributes the anthocyanin to the seed apiculus (Chang, 1980) . Both parents were pigmentless but their Fl hybrids were pigmented at the apiculus. F2 segregation results suggested that the two parental genotypes were (ccAA) and (CCaa). Results from F2 segregations also revealed two linkage groups amongst the above traits. The two awning loci Ani and An2 are respectively linked to the loci GI and Ph. Linkage distances were determined to be 31 map units for Ani-GI and 41 map units for An2-Ph (details not shown). These map distances agreed well with the genetic maps of Kinoshita (1984) and Chang (1980) .
Pollen irradiation and pollination
Basmati panicles containing florets at anthesis were detached for radiation treatment with gamma rays from a 60Co source emitting at a rate of Feulgen staining in the dark. Feulgen stain was prepared after the method of Darlington and La Cour (1976) . Root-tip meristems were squashed under a coverslip in 4 per cent carmine (in 45 per cent acetic acid) and examined by phase contrast microscopy.
Isozyme analysis
Isozymes were analysed by horizontal polyacrylamide gel electrophoresis using 75 per cent gels. Gel preparation was according to LKB application note 306 (1977) . Gel buffer and electrophoresis buffer contained 02 M Tris-glycine (pH 87).
Crude enzyme extracts were prepared from 10 mg of seedling leaves using prechilled 005 M sodium phosphate buffer (pH 7) as extraction buffer. The crude extract was centrifugated at 3000 g for 20 mm to pellet plant debris and 1/1000 volume of an indicator dye (bromophenol blue, 025 per cent w/v) was added to the supernatant. 10 pA samples were loaded onto a gel for horizontal electrophoresis on a LKB 2117 Multiphor unit powered by a LKB 2197 constant power supply. All gels were run on a cooling plate maintained at 4°C. A typical run would take 15 h under a constant voltage of 400 V or 8 V/cm across the gel. Pre-electrophoresis was carried out for 30 mm using the same voltage. The staining method for esterase was modified from Shahi eta!. (1969) 
RESULTS
Radiation effects
Two kinds of Ml seeds were produced in the Ml progeny: shrivelled seeds with collapsed endosperms which failed to germinate and the apparently normal ones which were well-filled. As radiation dosages increased, more shrivelled seeds were produced and at the highest dosage of 20krad, almost all the seeds produced were shrivelled. Higher radiation dosages also reduced the germination capacity of the normal looking well-filled seeds. At 20 krad, no germination was possible (table 1) .
A more precise description of the dose-effect relationship was next examined, using a model In the present studies, this is also the probability of pollen that have escaped radiation damage, a portion of which (f) will eventually take part in fertilizing the eggs to produce well-filled seeds. Therefore, the percentage of normal-looking seed set (SS% can be estimated by: SS% = f. e-or In (SS%) = in (f) -xD -yD2, which gives a second-order polynomial regression model.
Using the data of mean seed set percentages from the third column of table 1, the above model was fitted by PROC GLM on SAS (see method).
The relationship between seed set and dosage obtained is: in (SS%) = 28-(56 x l05D) -(73 x 103D2) (F=372, P<00001, ANOVA in table 2). When seed set was expressed as percentages of nonirradiated control, a typical sigmoid dose-response curve was obtained ( fig. 1) . The predicted values correlated well with the fitted values (r = 085). In terms of seed set, LD50 was about 10 krad which was also the dosage that produced 50 per cent shrivelled seed. 
Quantitative traits
Ml plants of up to 6 krad dosage treatment were field-planted. These plants had normal growth and were all fertile. They closely resembled the Fl controls or the dominant male parent in plant height, panicle length and hundred grain weight (table 3). All Ml plants were as tall as the Fl hybrids or the taller paternal parent. In panicle length and grain weight, the means of all Ml treatments were statistically the same as that of the Fis. In grain weight, both the Mis and the hybrids were heavier than the higher parent. Heterosis was shown by Fl and Ml alike.
Qualitative traits
In another experiment, Ml plants from a wider dose range (O.5_20 krad) were grown in the glasshouse. They were assessed for six major gene markers, for general morphology, for mitotic counts and for fertility. As shown in table 4, many Ml progeny, especially those from the higher dosage treatments, expressed the recessive maternal phenotypes in five of the six major gene to find, in the same plant, the loss of paternal alleles at more than one locus, In these studies, rice pollen shows high tolerance to radiation damage. LD50 for seed set was 10 krad which was high compared to maize (5 krad, estimated from Pandey's data, 1983 ) and wheat (15 krad, estimated from the data of Snape et al., 1983) . Furthermore, seed production in rice was completely inhibited at 20 krad compared to 10 krad in maize and 5 krad in wheat (op. cit.). As 10 krad was the dosage that produced 50 per cent shrivelled seeds as well as the LD50 dose, it can be regarded as an appropriate dose for pollen irradiation studies for rice in which a compromise is sought between damaging the pollen sufficiently and producing enough progeny for advanced generations. The dose-effect model of fig. 1 indicates that more double strand breaks were due to twoevent breakages (y = 7'3 x i0-) than to singleevent breakages (x = 5'6 x i0). This is consistent with the knowledge that single-event double strand breaks are rare in "sparsely" ionizing radiation such as 60Co gamma rays, which has a low rate of energy deposition per unit length of radiation track (Chadwick and Leenhouts, 1981 Jinks et al. (1981) found that amongst the segregating M2 progeny descended from irradiated pollination, there was a higher frequency of M2 individuals having a predominantly maternal phenotypic background plus a few paternal traits, compared to an F2 population of about the same size. This shift towards the maternal phenotypes reflects a reduction in the contribution of the paternal genome in the Ml progeny as a result of irradiation damages to the paternal alleles. Daskalov (1983) has suggested incorporating irradiated pollen into a standard recurrent backcross scheme to make use of this maternal shift effect produced by irradiated pollen to achieve a more rapid transfer of paternal traits. To investigate if maternal shift had taken place in the current investigation, and to reveal cryptic genetic changes that might have taken place in the Ml progeny, M2 and M3 populations descended from selfing the MI plants were raised. The genetic consequences of pollination with irradiated pollen in these generations will be presented in an accompanying paper.
